A search for Higgs boson invisible decay modes has been carried out in events where the Higgs boson is produced in association with a Z boson as well as through vector boson fusion. In the associated production search, electron, muon and b-quark pair decay modes of the Z boson are considered. The analyses are based on pp collision data collected with the CMS detector at the LHC collider at centre-of-mass energies of 7 and 8 TeV, corresponding to integrated luminosities of 5 fb −1 and 20 fb −1 , respectively. No evidence of a signal has been found and upper limits on the invisible branching fraction are obtained and interpreted in a Higgs portal model of dark matter interactions.
Introduction
Since the observation of a new boson with mass of about 125 GeV at the Large Hadron Collider (LHC) [1, 2] , all measurements of its properties have indicated compatibility with the standard model (SM) Higgs boson. However, the associated uncertainties are large, and the possibility for non-SM properties remains.
Decays of the Higgs boson to undetectable particles are possible in a wide range of models. In general, interactions of the Higgs boson with the unknown dark matter (DM) sector may introduce invisible decay modes. In so-called "Higgs-portal" models of DM [3, 4] , the Higgs boson serves as mediator between the SM particles and the DM particle.
Indirect constraints on non-SM decay modes of the Higgs boson have been inferred from the visible SM decay modes [5] . The resulting upper limit on the non-SM branching fraction is 0.32, at 95% confidence level (CL). Direct searches for invisible Higgs boson decays, H(inv), are possible by requiring that the Higgs boson recoils against a visible system.
Here we report searches for H(inv) with the Compact Muon Solenoid (CMS) detector [6] in two produc-Email address: daniele.trocino@cern.ch (Daniele Trocino) tion modes: the vector boson fusion (VBF), where the Higgs boson is produced in association with two quarks, and the ZH mode, where the Z boson decays to leptons (Z( )H(inv) channel) or a bb quark pair (Z(bb)H(inv) channel). All the searches are conducted using the 8 TeV data sample collected by the CMS Collaboration during 2012, corresponding to an integrated luminosity of about 19.5 fb −1 . The search in the Z( )H(inv) channel also uses the 7 TeV dataset collected during 2011, corresponding to 4.9 fb −1 .
Search in vector boson fusion
In the VBF mode, the Higgs boson is produced in association with two jets separated by a large rapidity gap and having high invariant mass. The rapidity gap between the two jets is characterized by reduced hadronic activity. Events are thus collected with a trigger that requires missing transverse energy (E miss T ), in association with a pair of jets with high transverse momentum (p T ), large pseudorapidity (η) separation, Δη j 1 , j 2 = η j 1 − η j 2 , and high invariant mass, M j 1 , j 2 . A tightened version of the same selection is applied offline, namely E miss T > 130 GeV, p j 1, 2 grounds Z( )+jets and W( ν)+jets are rejected by vetoing any event with an identified electron or muon with p T > 10 GeV. Multijet backgrounds are suppressed by requiring the azimuthal separation between the tag jets to be small, Δφ j 1 , j 2 < 1.0 rad. Finally, a veto is applied to any event that has an additional jet with p T > 30 GeV and η between those of the two tag jets. After these requirements, a hypothetical invisible Higgs boson with mass of 125 GeV produced via VBF is reconstructed with an efficiency of 6.8 · 10 −3 . Assuming the SM production cross section and an invisible branching fraction B(H → inv) = 100%, this corresponds to a yield of 210 events.
The dominant background, Z(νν)+jets, is estimated from data using observable Z(μμ) decays. A Z control region is defined by requiring an oppositely-charged pair of well-identified muons with invariant mass between 60 and 120 GeV. The number of Z(νν) events in the signal region is then predicted scaling the number of Z(μ + μ − ) events in the control region by the ratio of the different cross sections and efficiencies of the two processes, obtained from simulation. In a similar way, the W( ν)+jets background ( = e, μ, τ) is estimated from single-lepton events. The control samples are defined requiring an isolated electron or muon, or a hadronically-decaying τ, and vetoing any additional leptons. The extrapolation from each control region to the signal region is performed using factors evaluated from simulation. The multijet background in the signal region is estimated using events that pass the same requirements as the signal, but fail the centraljet veto. The number of events in the control region is then multiplied by the ratio of events passing and failing the central-jet veto. This factor is measured in a sample with E miss T < 130 GeV. The remaining SM backgrounds in the signal region-tt, single-top, VV and Z/γ * ( )+jets processes-are estimated from simulation. The total expected background is 332±36 (stat)± 45 (syst).
The dominant systematic uncertainty in the signal yield is due to jet and E miss T energy scale and resolution. Theoretical uncertainties in the VBF signal cross section, resulting from PDF modeling and factorization and renormalization scale uncertainties, are also considered. The signal simulation includes a small contribution from the gluon-fusion process, where the jets are produced through initial-state radiation (ISR). The large uncertainty in the ISR modeling has a modest overall effect. Other small uncertainties arise from the integrated luminosity and lepton identification efficiencies. The total uncertainty in the signal yield is estimated to be 14%. The uncertainty in the background yield is domi- Figure 1 : The E miss T distribution in data and MC after the full selection in the VBF search signal region. The background is normalized to the estimates obtained from data, and shown cumulatively, with the total systematic uncertainty shown as a hatched region. Note that the QCD multijet background is not shown due to limited MC statistics, which results in a small apparent discrepancy between data and the backgrounds at low E miss T values. The cumulative effect of a signal from a Higgs boson with SM VBF production cross section, m H = 125 GeV, and B(H → inv) =100% is also shown. nated by the large statistical uncertainties in the V+jets background estimates, due to the control samples in data, and by the systematic uncertainty in the controlto-signal region translation factors for the V+jets backgrounds. Large uncertainties are assigned to the multijet background, but they have a small impact on the overall background uncertainty. For the minor backgrounds estimated from MC, additional uncertainties arise from the cross sections, which are set according to the corresponding CMS cross section measurements. The total uncertainty in the background yield is 18%. Figure 1 shows the E miss T distribution in data and simulated backgrounds in the signal region. The 390 observed events are compatible with the background prediction. In absence of deviations from the SM expectation, 95% CL upper limits are set on the Higgs boson VBF production cross section times invisible branching fraction.
Search in the Z( )H(inv) channel
The final state in the Z( )H(inv) channel consists of a pair of high-p T isolated leptons from the Z boson decay, high E miss T from the undetectable Higgs boson decay products, and limited jet activity. Events are thus collected using dielectron and dimuon triggers, together with single-muon triggers that allow recovery of some residual trigger inefficiencies. The offline selection starts by requiring two well-identified, isolated leptons of the same flavor and opposite sign (e + e − or μ + μ − ), each with p T > 20 GeV. The invariant mass of the pair must be within 15 GeV of the Z boson mass. To reduce the large background from the Drell-Yan (DY) process Z ( * ) /γ * ( )+jets, where the E miss T arises from mismeasurement, any event containing two or more jets with p T > 30 GeV is rejected. The remaining zero-and onejet samples are treated separately in the analysis because of their significantly different signal-to-background ratios. To reduce the W( ν)Z( ) background, events containing additional identified electrons or muons with p T > 10 GeV are rejected. The top-quark background is further suppressed by rejecting events containing an identified b-jet with p T > 20 GeV or a soft muon. The remaining event selection uses three variables to suppress reducible backgrounds like DY and top-quark production: After the full selection, the dominant backgrounds arise from WZ and ZZ processes, which are modeled using MC simulation and normalized to next-to-leading order (NLO) cross sections [7] . The DY background is modeled using a large-statistics control sample of events with a single isolated photon produced in association with jets (γ + jets). Photon production resembles the DY process in all important aspects: production mechanism, underlying event conditions, pileup scenario, and hadronic recoil. The kinematic distributions and overall normalization of the photon events are matched to Z( ) in data through p γ T -dependent event weights. The remaining background processes, tt, single-top, and WW, do not involve Z boson production, and are referred to as "non-resonant backgrounds". These backgrounds are estimated using a control sample in data, consisting of events with opposite-charge different-flavor dilepton pairs (e ± μ ∓ ) that otherwise pass the full selection. The backgrounds in the e + e − and μ + μ − final states are then estimated by applying scale factors (α ee , α μμ ) to the number of events in the control sample. Factor α ee (α μμ ) is measured as the ratio of the number of ee (μμ) events to the number of e μ events in the sidebands of the Z peak (40 < M < 70 GeV and 110 < M < 200 GeV). In order to reduce the statistical uncertainties in α ee and α μμ , the selection of ee, μμ, and e μ events in the sidebands is looser than in the signal region.
The most important uncertainties in this search are those associated with theory, resulting from PDF modeling and factorization and renormalization scales, which affect both the signal acceptance and the dominant W Z and Z Z backgrounds. An additional uncertainty in the ZH production cross section stems from next-tonext-to-leading order (NNLO) QCD corrections [8] and NLO electroweak corrections [9, 10, 11] . NLO electroweak corrections to the ZZ and WZ background processes [12] are also included. The uncertainties related to jet and E miss T energy scale and resolution, lepton p T scale, and reconstruction efficiency affect the signal and all backgrounds. Uncertainties of approximately 100%, derived by comparing different estimation methods in data and conducting closure tests in simulation, are assigned to the non-resonant backgrounds. However, their contribution to the total background uncertainty is small. The signal efficiency uncertainty is estimated to be about 12%, and the total uncertainty in the background estimations is about 15%.
The For the 8 TeV data, the limits are computed using the two-dimensional distribution of the azimuthal dilepton separation, Δφ , , and m T . In the fit, the shapes and normalizations of the signal and of each background are allowed to vary within their uncertainties, and correlations in the sources of systematic uncertainty are taken into account. Figure 2 shows the m T distribution in the 8 TeV data. It can be seen that the observed data are consistent with the predicted backgrounds.
Search in the Z(bb)H(inv) channel
The Z(bb)H(inv) search is characterized by final states with large E miss T and a pair of b-jets consistent with a Z → bb decay. A suite of different triggers is used throughout the data taking to adapt to the increasing LHC instantaneous luminosity. Each trigger requires the presence of E miss T , with thresholds ranging from 80 to 100 GeV, and two jets with |η| < 2.5 and p T thresholds varying from 20 to 60 GeV. Additional requirements are imposed on the two jets, e.g. a minimum threshold on the vectorial sum of the two jets p T , or being identified by the combined secondary vertex (CSV) b-tagging algorithm, which combines information from track impact parameters and secondary vertices to identify b-jets and reject jets originating from light quarks, c quarks or gluons. The offline selection starts by requiring large E miss T , which is used to define three separate regions with different sensitivities, and thus treated separately in the limit setting: low-, intemediate-, and high-E miss T regions, with E miss T values in the ranges of 100-130 GeV, 130-170 GeV, and > 170 GeV, respectively. The Z boson candidate is reconstructed from a pair of jets with |η| < 2.5 and p T > 60 and 30 GeV, with further requirements on the p T and invariant mass of the dijet system. The two jets are also required to be tagged by the CSV discriminator. To reduce the tt and WZ backgrounds, events with isolated leptons with p T > 15 GeV are rejected. The multijet background is reduced to negligible levels by imposing several requirements which ensure that the E miss T does not originate from mismeasured jets, e.g. the minimum azimuthal separation between the E miss T direction and the closest jet, and a minimum threshold on the E miss T significance, defined as the ratio of the E miss T and the square root of the scalar sum of transverse energy of all particle candidates. After the full selection, the efficiency for a signal with m H = 125 GeV and B(H → inv) = 100% is 4.8%. The final signal yield is estimated using a boosted decision tree (BDT), by fitting the BDT output for background and signal to that obtained from data.
All backgrounds are modeled using simulation. For the main backgrounds, i.e. Z+jets, W+jets, and tt, the normalizations are obtained from control regions in data. For the Z and W backgrounds, different control regions are defined depending on the number of b-jets in the event, 0, 1 or 2. The normalization of each background is obtained with simultaneous fits to the CSV distributions in each control region.
The main uncertainties in the signal yield arise from factorization and renormalization scales, PDF modeling, QCD NNLO and electroweak NLO corrections. The dominant uncertainty in the background yield is due to the normalization procedure for Z+jets, W+jets, and tt processes. Other uncertainties affect both the normalization and BDT output shape of signal and backgrounds, such as jet and E miss T energy scales and resolutions, trigger efficiency, and b-tagging efficiency. The total uncertainties in the signal and background yields are 11% and 12%, respectively. 
Cross section limits
Limits are calculated using a CL S method [13, 14] , where systematic uncertainties are incorporated as nuisance parameters. Limits are also set on the production cross section times invisible branching fraction normalized to the SM production cross section, ξ = σ · B(H → inv)/σ SM . Figure 4 shows the observed and median expected 95% CL limits on the Higgs boson production cross section times invisible branching fraction, as a function of the Higgs boson mass, for VBF production (top) and for the ZH production, combining the searches in the +E miss certainties on jet energy scale and signal cross sections. The resulting 95% CL limit on ξ is shown in Fig. 5 . For m H = 125 GeV, the observed (expected) upper limit on the invisible branching fraction is 0.58 (0.44) at 95% CL, and 0.51 (0.38) at 90% CL.
Dark matter interactions
The experimental upper limit on B(H → inv) can be interpreted in the context of a Higgs-portal model of DM interactions. In these models, a hidden sector can provide stable DM particles with direct renormalizable couplings to the SM Higgs sector. In direct detection experiments, the elastic interaction between DM and nuclei exchanged through the Higgs boson results in nuclear recoil which can be reinterpreted in terms of DM mass, M χ , and DM-nucleon cross section. If the DM candidate has a mass below m H /2, the invisible Higgs boson decay width, Γ inv , can be translated to a spin-independent DM-nucleon elastic cross section for scalar, vector, and fermionic DM candidates. Figure 6 shows upper limits at 90% CL on the DM-nucleon cross section as a function of the DM mass, derived from the experimental upper limit on B(H → inv) for m H = 125 GeV, in the scenarios where the DM candidate is a scalar, a vector, or a Majorana fermion.
Conclusions
A search for invisible decays of Higgs bosons has been performed, using the vector boson fusion and associated ZH production modes, with Z → or Z → bb. No evidence for a signal is observed, and limits are placed in terms of σ · B(H → inv) and σ · B(H → inv)/σ SM . By assuming standard model production [15] , XENON10 [16] , XENON100 [17] , DAMA/LIBRA [18] , CoGeNT [19] , CDMS II [20] , COUPP [21] , LUX [22] Collaborations. cross sections, the upper limit on the invisible branching fraction of a Higgs boson with m H = 125 GeV is found to be 0.58, with an expected limit of 0.44, at 95% confidence level. Finally, the result is interpreted in a Higgsportal model of dark matter. Strong limits are obtained on the dark matter-nucleon cross section for light dark matter.
